Alzheimer's disease (AD) is a progressive and irreversible neurodegenerative disorder. Mutations in presenilins 1 and 2 (PS1 and PS2) account for $40% of familial AD (FAD) cases. FAD mutations and genetic deletions of presenilins have been associated with calcium (Ca 2+ ) signaling abnormalities. We demonstrate that wild-type presenilins, but not PS1-M146V and PS2-N141I FAD mutants, can form low-conductance divalent-cation-permeable ion channels in planar lipid bilayers. In experiments with PS1/2 double knockout (DKO) mouse embryonic fibroblasts (MEFs), we find that presenilins account for $80% of passive Ca 2+ leak from the endoplasmic reticulum. Deficient Ca 2+ signaling in DKO MEFs can be rescued by expression of wild-type PS1 or PS2 but not by expression of PS1-M146V or PS2-N141I mutants. The ER Ca 2+ leak function of presenilins is independent of their g-secretase activity. Our data suggest a Ca 2+ signaling function for presenilins and provide support for the ''Ca 2+ hypothesis of AD.''
INTRODUCTION
Alzheimer's disease (AD) is a neurodegenerative disorder that currently affects nearly 2% of the population in industrialized countries. Most cases of AD are idiopathic and are characterized by late onset (>60 years of age). A small fraction of AD cases (familial AD, FAD) are characterized by an earlier onset and genetic inheritance. Mutations in presenilin 1 (PS1) and presenilin 2 (PS2) account for about 40% of all known FAD cases (Tandon and Fraser, 2002) . Presenilins are 50 kDa proteins that contain nine transmembrane domains (Laudon et al., 2005) and reside in the endoplasmic reticulum (ER) membrane (Annaert et al., 1999) . The complex of presenilins with nicastrin, aph-1, and pen-2 subunits functions as g-secretase, which cleaves the amyloid precursor protein (APP) and releases the amyloid b-peptide (Ab), the principal constituent of the amyloid plaques in the brains of AD patients. Consistent with the role of presenilins as catalytic subunits of g-secretase (De Strooper et al., 1998; Wolfe et al., 1999) , FAD mutations in presenilins affect APP processing.
In addition to changes in APP processing, FAD mutations in presenilins result in deranged calcium (Ca 2+ ) signaling (reviewed in Smith et al., 2005) . What is a mechanistic explanation of these findings? Do presenilins play a direct role in Ca 2+ signaling? Here we establish that presenilins function as passive ER Ca 2+ leak channels and that the FAD mutations of presenilins affect their ability to conduct Ca 2+ ions. Obtained results provide a new insight into normal physiological function of presenilins and strengthen the emerging connection between deranged neuronal Ca 2+ signaling and AD (Khachaturian, 1989; LaFerla, 2002; Mattson et al., 2000; Smith et al., 2005) .
RESULTS

Recombinant Presenilins Form Cation-Permeable Channels in Planar Lipid Bilayers
The predicted structure of presenilins includes nine transmembrane domains ( Figure 1A ), consistent with potential ion-channel or transporter function. We proposed that presenilins may mediate Ca 2+ transport in cells. To test this hypothesis, we expressed human PS1 protein and PS1-M146V and PS1-DE9 FAD mutants in Sf9 cells by baculoviral infection. We also investigated PS1-D257A ( Figure 1A ), a mutant that abolishes g-secretase activity of presenilins (Wolfe et al., 1999) . The efficient expression of PS1, PS1-M146V, PS1-D257A, and PS1-DE9 was confirmed by Western blotting ( Figure 1B ). The heterologously overexpressed presenilins are not incorporated into the g-secretase complex and are mostly present as holoproteins ( Figure 1B ). The uncleaved form of endogenous presenilins is also present in untransfected mammalian cells, including neurons (Annaert et al., 1999) .
To investigate a potential ion-transport function of presenilins, we adapted a planar lipid bilayer (BLM) reconstitution technique (Tu et al., 2005a (Tu et al., , 2005b . The ER microsomes from PS1-infected Sf9 cells were isolated and fused with BLM. Ba 2+ ions (50 mM on the trans side)
were used in these experiments as a current carrier. We did not detect ion currents across the BLM prior to fusion of ER microsomes ( Figure 2A , first column, n = 59) or following fusion of microsomes from noninfected Sf9 cells ( Figure 2A , second column, n = 11). In contrast, when microsomes from PS1-infected Sf9 cells were fused to the BLM, currents were observed in 7 out of 9 experiments ( Figure 2A , third column). When compared to currents at 0 mV holding potential, the PS1-supported currents were increased at À10 mV holding potential and reduced at +10 mV holding potential ( Figure 2A , third column), in agreement with the electrochemical gradient for Ba 2+ ions. These data suggested that PS1 is able to facilitate transport of Ba 2+ ions across the BLM, consistent with the Ca 2+ channel function in vivo. In contrast to experiments with PS1 microsomes, much smaller currents were observed in experiments with PS1-M146V microsomes ( Figure 2A , fourth column). The PS1-D257A mutant supported Ba 2+ currents across the BLM similar to wildtype PS1 (Figure 2A , fifth column), and the PS1-DE9 mutant displayed enhanced channel function ( Figure 2A , sixth column). By analogy with other known ion channels, the functional PS1 channels are likely to be multimers of several PS1 subunits. Can the PS1:PS1-M146V multimer function as an ion channel? To answer this question, we coinfected Sf9 cells with PS1 and PS1-M146V baculoviruses (in a 1:1 ratio), isolated ER microsomes, and fused them to planar lipid bilayers. We did not detect channel activity in these experiments ( Figure 2A , seventh column), suggesting that the PS1-M146V mutant exerts a dominant-negative effect on ion-channel function of PS1.
Monovalent cations carry large currents via most known Ca 2+ channels in the absence of divalent cations. Thus, in the next series of experiments, we repeated BLM reconstitution experiments using 100 mM Cs + on the trans side of the membrane. Cs + ions were used in these experiments to minimize currents via endogenous potassium channels present in ER microsomes. The results of bilayer experiments obtained using Cs + as a current carrier were consistent with results obtained using Ba 2+ , but the currents were $4 times larger in the amplitude (see Figure S1A in the Supplemental Data available with this article online). PS1 and PS2 are two highly homologous mammalian presenilin isoforms. Does PS2 share ion-channel function 
Expression of Presenilins in Sf9 Cells
(A) Molecular model of presenilins (based on Laudon et al., 2005) . The transmembrane domains (TM1-TM9), locations of aspartate residues critical for g-secretase activity, and the site of endoproteolytic cleavage are indicated. Positions of PS1-M146V, PS1-DE9, PS1-D257A, and PS2-N141I mutations are shown. (B and C) Expression of PS1, PS2, and mutants in Sf9 cells. Microsomes prepared from noninfected Sf9 cells (Sf9) and from Sf9 cells infected with PS1 and PS2 baculoviruses as indicated were analyzed by Western blotting with anti-PS1 (B) and anti-PS2 (C) monoclonal antibodies.
with PS1? To answer this question, we generated baculovirus encoding human wild-type PS2 and the PS2-N141I FAD mutant ( Figure 1A ) and confirmed efficient expression of these proteins in Sf9 cells by Western blotting ( Figure 1C ). We found that recombinant PS2, but not recombinant PS2-N141I, supported Ba 2+ and Cs + currents in the BLM ( Figure 2B ; Figure S1B ).
Channels Formed by Presenilins Have Very Low Conductance
We have not been able to resolve individual single-channel opening events in our experiments, and, instead, PSmediated currents had a ''noisy'' appearance ( Figure 2 ). These types of currents are typical for channels with very low conductance, such as, for example, I CRAC Ca currents (Zweifach and Lewis, 1993) . To estimate the size of the unitary current via PS-supported channels, we applied a modification of the stationary noise analysis technique (see the Supplemental Data for details). By applying this method, we estimated that, at 0 mV, the size of the unitary Ba 2+ currents supported by PS1 was equal to 0.04 ± 0.01 pA (n = 4); that is, $50 times lower than the size of the unitary current via InsP 3 R1 (2 pA) observed in identical recording conditions (Tu et al., 2005b) . In the same conditions, the size of the unitary current was estimated to be equal to 0.06 ± 0.02 pA (n = 3) for PS1-D257A, 0.09 ± 0.02 pA (n = 3) for PS1-DE9, and 0.03 ± 0.01 pA (n = 4) for PS2 ( Figure 2C ). The size of the unitary Cs + currents at 0 mV was estimated to be equal to 0.18 ± 0.04 pA (n = 4) for PS1, 0.21 ± 0.05 pA (n = 4) for PS1-D257A, 0.25 ± 0.07 pA (n = 3) for PS1-DE9, and 0.09 ± 0.05 pA (n = 3) for PS2 ( Figure 2D ). Thus, the size of the Cs + unitary current was 3-to 5-fold larger than the size of the Ba 2+ unitary current for the wild-type PS1, wildtype PS2, and the mutants that have been tested. In additional experiments, we performed recordings of PS1-mediated channel activity using 200 mM Cs + as a current carrier. We found that the doubling of trans Cs + concentration led to a significant increase in the size of the observed currents but that the unitary channel openings still could not be resolved ( Figure S2 ). By noise analysis, we estimated the size of the unitary currents supported by PS1 in experiments with 200 mM Cs + to be equal to 0.51 ± 0.09 pA (n = 3).
To determine the single-channel conductance of PS1-formed channels, we used noise analysis to estimate the size of microscopic unitary currents at À20 mV, À10 mV, 0 mV, and +10 mV transmembrane voltages. From these results, we determined that the average microscopic conductance with Ba 2+ as a current carrier (g Ba ) is equal to 1.2 pS for PS1, 0.002 pS for PS1-M146V, and 2.6 pS for PS1-DE9 ( Figure S3A ). With Cs + as a current carrier, the average microscopic conductance (g Cs ) is equal to 5.2 pS for PS1, 0.7 pS for PS1-M146V, and 8.3 pS for PS1-DE9 ( Figure S3B ).
Purified PS1 Forms Cation Channels in the Bilayers
Is the presenilin protein itself or some additional protein or proteins present in the Sf9 cell microsomal preparation responsible for the channel activity observed in the BLM (Figure 2 )? To answer this question, we generated baculoviruses encoding amino-terminal His-tagged PS1 and PS1-M146V proteins. The microsomes from Sf9 cells infected with His-PS1 and His-PS1-M146V baculoviruses were solubilized in 1% CHAPS and used for purification of His-PS1 and His-PS1-M146V proteins on an Ni-NTA agarose column as previously described (Shah et al., 2005) . The purified His-PS1 and His-PS1-M146V proteins were reconstituted into liposomes composed of phospholipids, ergosterol, and nystatin. The resulting proteoliposomes were highly enriched for His-PS1 and His-PS1-M146V proteins ( Figures 3A and 3B ). Obtained liposomes were used for planar lipid bilayer reconstitution experiments performed in the presence of NaCl on both sides of the membrane. Consistent with the previous report (Woodbury and Miller, 1990) , fusion of ergosterol/nystatin-containing liposomes with the bilayer resulted in the appearance of large transient currents ( Figure 3C ). Perfusion of the cis chamber terminated fusion of liposomes with the bilayer and terminated nystatin-mediated channel activity due to reduction in local ergosterol concentration ( Figure 3C ). When the remaining currents were analyzed, we observed Na + currents across the bilayer in experiments with His-PS1 liposomes in 5 out of 7 experiments ( Figure 3D , third column). In contrast, no significant current activity was observed in experiments with proteinfree liposomes ( Figure 3D , second column, n = 5) and with His-PS1-M146V liposomes ( Figure 3D , fourth column, n = 4). The noise analysis performed as described above yielded an average microscopic conductance (g Na ) equal to 5 pS for His-PS1 liposomes and 0.003 pS for His-PS1-M146V liposomes ( Figure S4 ). ]) was equal to 225 ± 103 nM (n = 28) for MEF cells and 787 nM ± 76 (n = 23) for DKO cells ( Figure 4C) Figure 4D ). To estimate total ER Ca 2+ content from these data, we integrated the area under the ionomycin-induced cytosolic Ca 2+ curve for both types of cells. On average, the area under the curve was equal to 30 ± 6 mM3s (n = 25) for MEF cells and 55 ± 13 mM3s (n = 30) for DKO cells ( Figure 4E ). Thus, the size of the ionomycin-sensitive Ca 2+ pool is 1. Figure 4F ). On average, we found that cytosolic Ca 2+ elevation could be detected at 16 ± 4 s (n = 17) after application of thapsigargin to MEF cells and at 157 ± 14 s (n = 19) after application of thapsigargin to DKO cells. To estimate the rate of endogenous Ca 2+ leak in these experiments, we measured a slope of cytosolic Ca 2+ increase in thapsigargin-exposed cells (release rate). We found that, on average, the release rate was equal to 1.85 ± 0.24 nM/s (n = 17) in MEF cells and 0.33 ± 0.05 nM/s (n = 19) in DKO cells ( Figure 4G ). Thus, genetic deletion of presenilins resulted in a 5.6-fold reduction in the rate of Ca 2+ leak across the ER membrane, suggesting that in MEF fibroblasts, presenilins account for $80% of the total endogenous ER Ca 2+ leak activity.
Rescue of Ca 2+ Signaling Defects in DKO Fibroblasts
The defects in Ca 2+ signaling observed in DKO fibroblasts ( Figure 4 ) provided an opportunity for a series of rescue experiments. In these experiments, DKO fibroblasts were transfected with EGFP plasmid alone (EGFP control) or EGFP plasmid together with the presenilin expression constructs and analyzed by Fura-2 Ca 2+ imaging. In the first series of experiments, DKO fibroblasts were transfected with EGFP, EGFP + PS1, and EGFP + PS1-M146V constructs ( Figure 5A ). Under resting conditions, the average basal Ca 2+ levels were equal to 183 ± 24 nM (n = 7) for EGFP-transfected cells, 296 ± 28 nM (n = 12) for EGFP + PS1-transfected cells, and 194 ± 42 nM (n = 17) for (G) The average slope of thapsigargin-induced Ca 2+ elevation is shown for MEF and DKO cells as mean ± SD (n = number of cells). The data from at least three independent experiments with BK, IO, and Tg were combined for analysis. ]) in BK-stimulated cells was equal to 702 ± 82 nM (n = 7) for EGFP-transfected cells, 258 ± 92 nM (n = 12) for EGFP + PS1-transfected cells, and 633 ± 125 nM (n = 17) for EGFP + PS1-M146V-transfected cells ( Figure 5C ).
To Figure  5D ). On average, the area under the Ca 2+ curve was equal to 46 ± 9 mM3s (n = 19) for EGFP-transfected cells, 26 ± 7 mM3s (n = 21) for cells transfected with EGFP + PS1, and 48 ± 11 mM3s (n = 27) for cells transfected with EGFP + PS1-M146V ( Figure 5E ). Thus, expression of wild-type PS1 resulted in a 1.8-fold reduction in ER Ca 2+ content in DKO cells, whereas expression of the PS1-M146V mutant had no significant effect.
As an additional test of our hypothesis, we evaluated thapsigargin-induced Ca 2+ signals in transfected DKO cells. We found that application of 1 mM thapsigargin resulted in rapid and massive cytosolic Ca 2+ elevation in EGFP + PS1-transfected cells but delayed and much smaller Ca 2+ elevation in EGFP-transfected and EGFP + PS1-M146V-transfected cells ( Figure 5F ). On average, we found that cytosolic Ca 2+ elevation could be detected at 17 ± 3 s (n = 11) after application of thapsigargin to DKO cells transfected with EGFP + PS1, at 133 ± 17 s (n = 11) for DKO cells transfected with EGFP, and at 148 ± 18 s (n = 10) for DKO cells transfected with EGFP + PS1-M146V. Further analysis revealed that the average rate of thapsigargin-induced Ca 2+ leak was equal to 1.0 ± 0.2 nM/s (n = 11) for EGFP-transfected DKO cells, 5 ± 1 nM/ s (n = 11) for DKO cells transfected with EGFP + PS1, and 0.99 ± 0.16 nM/s (n = 10) for DKO cells transfected with EGFP + PS1-M146V ( Figure 5G ). Thus, the rate of passive Ca 2+ leak is 5-fold higher in EGFP + PS1-transfected cells than in cells transfected with EGFP alone or with EGFP + PS1-M146V. Our results support the hypothesis that the wild-type PS1, but not the PS1-M146V mutant, is able to rescue ER Ca 2+ leak function impaired in DKO cells.
In the next series of experiments, we utilized the same paradigm to evaluate the ability of other presenilin expression constructs to rescue Ca 2+ signaling defects observed in DKO cells. We found that expression of PS1-DE9 and PS1-D257A mutants in DKO cells reduced the amplitude of BK-induced Ca 2+ signals ( Figure 6A ) and the content of the ionomycin-sensitive Ca 2+ pool ( Figure 6B ), similar to expression of wild-type PS1. Expression of wild-type PS2 reduced the amplitude of BK-induced Ca 2+ signals ( Figure 6A ), but the PS2-N141I mutant was ineffective ( Figure 6A ). Cotransfection of PS1 and PS1-M146V plasmids had no effect on BK-induced Ca 2+ signals (Figure 6A) . Thus, we concluded that the behavior of all presenilin constructs and construct combinations in DKO fibroblast rescue experiments ( Figure 6A ) is consistent with the behavior observed for the same constructs in BLM reconstitution experiments (Figure 2 ). To rule out potential artifacts resulting from transient overexpression of PS1 and PS2, we performed a series of Ca 2+ imaging experiments with stably transfected DKO fibroblasts. The expression of PS1 and PS2 rescue constructs in these stable lines was confirmed by Western blotting ( Figure  S6 ). We found that the content of ionomycin-sensitive Ca 2+ stores was reduced to wild-type levels in DKO cells stably transfected with PS1 (HPS1 line), PS1-D257A, PS1-DE9, or PS2 (HPS2 line), but not with PS2-N141L ( Figure 6B ). and Aph-1abc À/À cells ( Figure 6B ).
Presenilins and ER Ca 2+ Homeostasis
The results obtained above are consistent with a role of presenilins as passive ER Ca 2+ leak channels. As an additional test of this hypothesis, we performed a series of Ca 2+ flux measurements with isolated ER microsomes.
In these experiments, Ca 2+ accumulated in microsomes as a result of Ca 2+ pump activity and then was released via a passive leak mechanism following addition of thapsigargin. We discovered that the rate of thapsigargin-induced Ca 2+ leak was equal to 0.41 ± 0.06 nM Ca 2+ /s (n = 3) for microsomes from noninfected Sf9 cells, 1.1 ± 0.24 nM Ca 2+ /s (n = 5) for PS1-containing microsomes, and 0.35 ± 0.07 nM Ca 2+ /s (n = 3) for PS1-M146V-containing microsomes ( Figure S7 ). In complementary experiments, we found that the rate of thapsigargin-induced Ca 2+ leak was equal to 1.82 ± 0.32 nM Ca 2+ /s (n = 5) for MEF microsomes, 0.45 ± 0.09 nM Ca 2+ /s (n = 4) for DKO microsomes, and 1.51 ± 0.27 nM Ca 2+ /s (n = 4) for HPS1 microsomes ( Figure S8 ).
To MEFs was the same as in wild-type MEFs ( Figure 7B ), further demonstrating that g-secretase activity is not required for proper control of ER Ca 2+ homeostasis.
DISCUSSION
Presenilins as ER Ca 2+ Leak Channels What determines a steady-state level of intraluminal Ca 2+ in the ER? The calculations predict that, under physiological conditions, the SERCA pump reaches thermodynamical equilibrium when intraluminal [Ca 2+ ] ER is equal to 2.4 mM (see Supplemental Data for calculations). However, direct imaging of intraluminal [Ca 2+ ] ER resulted in estimates in the 100-500 mM range (Hofer, 1999) (Figure 7A ). The most likely explanation for this difference is the leakiness of the ER membrane for Ca 2+ ions. According to this idea ( Figure 7C , left panel), the steady-state ER intraluminal Ca 2+ level is determined by an equilibrium between SERCA-mediated movement of Ca 2+ from the cytosol into the ER lumen and the passive leak of Ca 2+ from ER into the cytosol. Experimental estimates for the rate of Ca 2+ leak vary from 19 mM ER Ca 2+ /min in acinar cells to 90 mM ER Ca 2+ /min in neurons .
A number of candidates have been previously considered to play a role as ER Ca 2+ leak channels, such as the ribosome-translocon complex Van Coppenolle et al., 2004) , the antiapoptotic protein bcl-2 (Pinton et al., 2000) , and InsP 3 R (Oakes et al., 2005) . However, the exact identity of ER Ca 2+ leak channels still largely (G) The average slope of Tg-induced Ca 2+ elevation is shown for DKO cells transfected with EGFP, EGFP + PS1, and EGFP + PS1-M146V constructs as mean ± SD (n = number of cells).
The data from at least three independent experiments for each experimental condition were combined for analysis. The average amplitude of BK-induced Ca 2+ response, the average size of the IO-releasable Ca 2+ pool, and the average rate of Tg-induced Ca remains an ''enigma of Ca 2+ signaling'' . Prior to endoproteolytic cleavage, presenilins are localized to the ER membrane (Annaert et al., 1999 ). Here we propose that the holoprotein form of presenilins functions as an ER Ca 2+ leak channel in cells ( Figure 7C , left panel). This hypothesis is consistent with the ability of PS1 and PS2 proteins to form low-conductance divalentcation-permeable channels in the BLM ( Figure 2 ) and with Ca 2+ signaling abnormalities in DKO cells (Figure 4 ). Moreover, [Ca 2+ ] ER in DKO cells is 2-fold higher than in wild-type MEFs ( Figure 7A ), directly supporting our hypothesis. Importantly, cytosolic and ER Ca 2+ signaling defects in DKO fibroblasts can be rescued by expression of PS1 and PS2 constructs ( Figure 5, Figure 6 , and Figure 7) . From these results, we conclude that, in MEF fibroblasts, presenilins account for $80% of ER Ca 2+ leak activity.
Notably, our conclusions differ from the recent study of Ca 2+ signaling in DKO MEFs performed by a different methodology (Kasri et al., 2006) . The main known function of presenilins is to act as a catalytic subunit of the g-secretase complex (De Strooper et al., 1998; Wolfe et al., 1999) . Here we propose that presenilins also serve as ER Ca 2+ leak channels. Moreover, our results indicate that g-secretase function of presenilins is dispensable for ER Ca 2+ leak function. In our experiments, the catalytic mutant PS1-D257A formed channels in the bilayers (Figure 2 ) and rescued all Ca 2+ signaling defects in DKO cells ( Figure 6 and Figure 7) . Moreover, the filling state of ER Ca 2+ stores was normal in Aph-1abc
MEF cells ( Figure 6B and Figure 7B ), which completely lack g-secretase activity (Serneels et al., 2005) . Interestingly, only the ''mature'' (cleaved) form of presenilins can (Ito et al., 1994) , in FAD cellular and animal models (LaFerla, 2002; Smith et al., 2005) , and in cells from PS1 and PS2 knockout mice (Herms et al., 2003; Ris et al., 2003; Takeda et al., 2005; Yoo et al., 2000) . A number of hypotheses have been previously considered to explain these phenomena. It has been proposed that Ab-peptides associate into small aggregates that form Ca 2+ -permeable channels in the plasma membrane of neurons, causing Ca 2+ influx (Arispe et al., 1993) . Another hypothesis states that the APP intracellular domain (AICD) released by g-secretase cleavage affects Ca 2+ signaling by regulating expression of neuronal Ca 2+ signaling proteins (Leissring et al., 2002) . A correlation between the PS1-M146V mutation and enhanced function of neuronal ryanodine receptors has been recently described (Stutzmann et al., 2006) . Here we propose that PS1-M146V and PS2-N141I FAD mutations in presenilins affect neuronal Ca 2+ signaling by disrupting the ER Ca 2+ leak pathway ( Figure 7C , right panel). Our model is supported by the inability of PS1-M146V and PS2-N141I mutants to form divalent-cation-permeable channels in the BLM (Figure 2 ) and the failure of these mutants to rescue cytosolic and ER Ca 2+ signaling defects in PS1/2 DKO MEFs ( Figure 5 , Fig- ure 6, and Figure 7 ). When coexpressed with the PS1-M146V mutant, wild-type PS1 did not form cation-permeable channels in BLM ( Figure 2A ) and failed to restore the amplitude of BK-induced Ca 2+ release in DKO fibroblasts ( Figure 6A ). Thus, we propose that PS1-M146V and PS2-N141I mutants exert a dominant-negative effect on PSsupported ER Ca 2+ leak function, resulting in intraluminal ER Ca 2+ overload at the steady state ( Figure 7C , right panel). We further propose that ER Ca 2+ overload in cells expressing PS1-M146V and PS2-N141I mutants leads to supranormal Ca 2+ release following activation of InsP 3 R ( Figure 7C , right panel). The proposed model ( Figure 7C ) is consistent with increased InsP 3 -induced Ca 2+ release in Xenopus oocytes expressing PS1-M146V and PS2-N141I FAD mutants (Leissring et al., 1999a (Leissring et al., , 1999b (Leissring et al., , 2001 , in synaptosomes and cortical neurons from PS1-M146V mutant knockin mice (Begley et al., 1999; Stutzmann et al., 2004) , and in hippocampal neurons from PS2-N141I transgenic mice (Schneider et al., 2001) . It is highly likely that the abnormal intraluminal ER Ca 2+ levels predicted by our model ( Figure 7C ) may also be responsible for Ca 2+ signaling defects observed in cells from PS1 and PS2 knockout mice (Herms et al., 2003; Ris et al., 2003; Takeda et al., 2005; Yoo et al., 2000) .
In our bilayer experiments, we found that the PS1-DE9 FAD mutant had increased ER Ca 2+ leak channel activity when compared to wild-type PS1 (Figure 2 ). These results suggest that PS1-DE9 is a gain-of-function ER Ca 2+ leak mutant, whereas PS1-M146V and PS2-N141I are domi- (Smith et al., 2005) . In addition to PS1-M146V/L, PS2-N141I/L, and PS1-DE9, these mutants also include PS1-H163R, PS1-A246Q/E, PS1-L286V, and PS2-M239V/I (Smith et al., 2005) . It will be interesting to evaluate ER Ca 2+ leak function of these FAD mutants.
The ''loss of presenilin function'' hypothesis of FAD was put forward based on the analysis of age-dependent neurodegeneration in PS1/2 cDKO mice (Saura et al., 2004) . Our observation of loss of ER Ca 2+ leak channel function in PS1-M146V and PS2-N141I mutants is in general agreement with the ''loss of presenilin function'' hypothesis of FAD (Saura et al., 2004) . Additional studies will also be required to investigate the connection between defective Ca 2+ signaling induced by PS FAD mutations, abnormal g-secretase activity, and neurodegeneration in AD.
EXPERIMENTAL PROCEDURES
Expression Constructs and Recombinant Baculoviruses
The following human PS1 and PS2 expression constructs were generated in pFastBac1 baculovirus vector (Invitrogen) and pcDNA3 mammalian expression vector (Invitrogen): PS1 = M1-I467, PS1-M146V, PS1-D257A, PS1-DE9 (M1-I467, del T291-S319); PS2 = M1-I448, PS2-N141I. Recombinant baculoviruses were generated using the Bac-to-Bac system (Invitrogen) as previously described (Shah et al., 2005; Tu et al., 2005a Tu et al., , 2005b . Expression of presenilins in Sf9 cells was confirmed by Western blotting with anti-PS1 (MAB5232, Chemicon) and anti-PS2 mAb. The samples used for Western blotting were maintained at 37 C prior to loading on the gel.
Planar Lipid Bilayer Experiments
Planar lipid bilayer (BLM) recordings of PS-supported currents were performed as previously described for studies of InsP 3 R (Tu et al., 2005a (Tu et al., , 2005b ) (see Supplemental Data for details). The ion currents across the BLM were amplified (OC-725C, Warner Instruments), filtered at 5 kHz, digitized (Digidata 1200, Axon Instruments), and stored on a computer hard drive and recordable optical discs. For presentation, the current traces were digitally filtered at 200 Hz (pClamp 6.0, Axon Instruments). For offline computer analysis, the stationary noise analysis method was used (see Supplemental Data for details).
Purification and Reconstitution of His-PS1
His-PS1 and His-PS1-M146V baculoviruses were generated as described above. The recombinant His-PS1 and His-PS1-M146V proteins were solubilized in 1% CHAPS and purified by affinity chromatography on Ni-NTA agarose (Shah et al., 2005) . The purified His-PS1 and His-PS1-M146V proteins were reconstituted into liposomes composed of phospholipids, ergosterol, and nystatin and used in the planar lipid bilayer experiments by following published procedures (Woodbury and Miller, 1990 ) (see Supplemental Data for details).
MEF Ca 2+ Imaging Experiments
DKO and MEF fibroblasts cultured on poly-D-lysine (Sigma) coated 12 mm round glass coverslips were established as described (Herreman et al., 2000) . Cytosolic Ca 2+ imaging experiments with DKO and MEF cells were performed as previously described for medium spiny neuron (MSN) primary cultures (Tang et al., 2003 ) (see Supplemental Data for details). In rescue experiments, DKO cells were transfected using Lipofectamine (Invitrogen) with pEGFP-C3 plasmid (Clontech) or with a 1:3 mixture of pEGFP-C3 and PS expression plasmids (in pcDNA3) as indicated in the text. The Ca 2+ imaging experiments were performed 48 hr after transfection. The transfected cells were identified by GFP imaging. The stable DKO rescue lines and Aph-1abc À/À MEF lines were previously described (Nyabi et al., 2003; Serneels et al., 2005) . For ER Ca 2+ measurements with Mag-Fura-2 dye, we used procedures previously described for BHK fibroblasts (Hofer, 1999) 
